Abstract. In previous studies, baldcypress [Taxodium distichum (L.) Rich.] clones were selected for improved field tolerance to alkaline soils, drought, foliar or soil salinity exposure, and for ornamental traits. Objectives of the current research were to 1) determine the clonal responses to potassium salt of indole-3-butyric acid (K-IBA) across seasonal developmental stages of cuttings; and 2) to determine whether rooting and callus percentages and rooted cutting quality (root number, length, and mass) would be sufficient for commercial production should these clones be released to industry. Cuttings were taken from 24 clones at three distinct stages of stem maturity (softwood, semihardwood, and hardwood). Three concentrations of K-IBA were tested [0, 7,500, and 15,000 mgÁL -1 (0, 31.1, 62.2 mM, respectively)] on each clone at each stage. Rooting percentages ranged from ' '94% (clone MX1MC33) at the softwood stage to 0% for several clones at the hardwood stage. Some clones such as MX5MC17 rooted at statistically similar percentages in the softwood and semihardwood stages (88% and 83%, respectively). Clone EP3DC16 rooted at low levels (less than 20%) in all stages. Significant (P # 0.05) interactions occurred between growth stage and clone in some cases. Clone EP8DC14 rooted at 59% at the softwood stage but only 37% at the semihardwood stage. Root number and length exhibited three-way interactions (P # 0.05) among clone, developmental stage, and K-IBA concentration. Mean total root length ranged from 2 cm per cutting on semihardwood cuttings of MX2MC31 treated with no growth regulator to 81 cm per cutting on softwood cuttings of TX8DC38 treated with 7500 mgÁL
(0, 31.1, 62.2 mM, respectively)] on each clone at each stage. Rooting percentages ranged from ' '94% (clone MX1MC33) at the softwood stage to 0% for several clones at the hardwood stage. Some clones such as MX5MC17 rooted at statistically similar percentages in the softwood and semihardwood stages (88% and 83%, respectively). Clone EP3DC16 rooted at low levels (less than 20%) in all stages. Significant (P # 0.05) interactions occurred between growth stage and clone in some cases. Clone EP8DC14 rooted at 59% at the softwood stage but only 37% at the semihardwood stage. Root number and length exhibited three-way interactions (P # 0.05) among clone, developmental stage, and K-IBA concentration. Mean total root length ranged from 2 cm per cutting on semihardwood cuttings of MX2MC31 treated with no growth regulator to 81 cm per cutting on softwood cuttings of TX8DC38 treated with 7500 mgÁL -1 K-IBA. Mean root length varied from 2 cm for several clones at the semihardwood stage to 11 cm for softwood cuttings of MX2MC31 treated with 15,000 mgÁL -1 K-IBA. The greatest rooting percentages across K-IBA concentrations were typically at the softwood stage. Cuttings treated with either 7,500 or 15,000 mgÁL -1 K-IBA rooted at the greatest percentages across stem maturity stages. No clone rooted well in the hardwood stage. The high concentration of K-IBA (15,000 mgÁL -1 ) sometimes induced basal stem damage.
Baldcypress, Taxodium distichum (L.) Rich., is a species of ecological significance in the southeastern United States (Arnold, 2008; Pezeshki and DeLaune, 1994) . It is highly valued for its ornamental characteristics and site adaptability (Arnold, 2008; Dirr, 2009 (Denny and Arnold, 2007) . With the inclusion of these varieties, the native range of Taxodium extends from the east coast of the United States to central Texas and south into Mexico (Denny and Arnold, 2007) . Although the species is highly adaptable, certain environmental factors do affect its growth. Taxodium displays stressinduced responses when grown in high pH soils, exposed to prolonged drought, or when salt-laden spray from irrigation contacts the foliage (Arnold, 2008; Denny, 2007; Dirr, 2009) . Denny (2007) conducted provenance screenings for tolerance to these stresses and recommended that studies be conducted on asexual propagation by cuttings of subsequent clonal selections.
Taxodium is typically commercially propagated in one of three ways. It is grown from seed, grafted, or produced by cuttings. Baldcypress seeds are easily germinated with proper stratification; however, seedling material lacks uniformity (Dirr, 2009; Pezeshki and DeLaune, 1994) . Grafting is a reliable but more expensive method of propagating baldcypress (Dirr, 2009; Thomsen, 1978) . Alternatively, vegetative propagation by cuttings yields uniform plants and through selection can be used to expedite narrow sense heritable genetic improvement in this species (Pezeshki and DeLaune, 1994) . Previous studies have shown relatively high percentages of rooting for Taxodium cuttings (Copes and Randall, 1993; King, 2010; Pezeshki and DeLaune, 1994; St. Hilaire, 2003; Zhou, 2005) , supporting further commercialization of the practice.
Copes and Randall (1993) reported 58% rooting of baldcypress when using 3-year-old ramets that were initially taken from 20-yearold ortets. The authors attributed this higher percentage to the 50% moisture content of the rooting substrate, which was the wettest tested. Pezeshki and DeLaune (1994) found that the rooting percentage of hardwood baldcypress cuttings decreased significantly (P # 0.05) when cuttings were taken from branch tips of 25-to 50-year-old trees vs. 1-year-old trees. When the cuttings taken from the 1-yearold trees were treated with a 1000 mgÁkg -1 powder form of indole-3-butyric acid (IBA) (ROOTONEÒ; Ferti-lome Co., Bonham, TX), they rooted at a similar percentage as those that received no IBA. Cuttings treated with IBA had significantly greater (P # 0.05) shoot dry weights (Pezeshki and DeLaune, 1994) . This is in contrast to the results of St. Hilaire (2003) who found that softwood cuttings of T. distichum var. mexicanum showed an increase in rooting percentage with increasing concentrations of IBA. In 1 year of the study, rooting percentages were 48% and 82% for 3000 and 8000 mgÁL -1 IBA, respectively. Cuttings over all treatment combinations rooted at an average of 65% the first year and 10% the next year. This indicates that the age of the ortet may be a limiting factor in successful propagation. This result agrees with the previously discussed study by Pezeshki and DeLaune (1994) . Zhou (2005) reported that rooting percentages increased for a baldcypress clone T302 (T. distichum var. distichum · T. distichum var. mexicanum) with the application of increasing levels of K-IBA. Cuttings treated with 5,000 and 10,000 mgÁL -1 K-IBA rooted at 57.6% and 68.1%, respectively. Cuttings treated with 0 and 2500 mgÁL -1 K-IBA rooted at the significantly lower (P # 0.05) rates of 16.6% and 22.2%, respectively (Zhou, 2005 To whom reprint requests should be addressed; e-mail aking@tamu.edu.
The objective of the current study was to determine the clonal responses to K-IBA across seasonal developmental stages of cuttings and to determine whether rooting and callus percentages and rooted cutting quality (root number, length, and mass) would be sufficient for commercial production should these clones be released to industry.
Materials and Methods
Clones tested were identified as having commercial potential based on previous work (Denny, 2007) . Twenty-four clones were derived from 13 open-pollinated, half-sib families within provenances of T. distichum ranging from the central to the western and southwestern portions of the species' native range ( Table 1 ). The first two characters in the identification code for each clone indicate eastern (EP), central Texas (TX), or south Texas to Mexican (MX) provenances. The third character is a family number within the provenance and the fourth character designates the botanical variety (D = T. distichum var. distichum, I = T. distichum var. imbricarium, M = T. distichum var. mexicanum) ( Table 1 ). In subsequent text and figures these codes followed by the letter C and a one-or two-digit number indicate individual clones within those families.
Terminal shoot tip cuttings were taken from baldcypress selections grown in a research plot at Texas A&M University, College Station, TX ( Cuttings were placed on 1-m tall benches in a greenhouse in a modified randomized completed block design. Each factorial combination of clone, K-IBA concentration, and stem maturity was tested on 30 cuttings, 10 in each of three blocks, which yielded 6480 total cuttings. Reverse osmosis water was misted intermittently through high-pressure mist nozzles for a period of 10 s on a 16-min cycle during the daylight hours. Average substrate temperatures were measured with the OmegaÒ HH309 Data Loggerthermometer (Omega Engineering, Inc., Stamford, CT). Photosynthetically active radiation was measured with a ceptometer (AccuPAR; Decagon Devices, Inc., Pullman, WA).
Cuttings were allowed to root for 8 weeks and then destructively harvested. Softwood, semihardwood, and hardwood treatments were harvested 14 to 21 July, 22 Sept. to 2 Oct., and 9 to 16 Mar., respectively. Data collected from each cutting included determinations of callus tissue formation, adventitious root formation, and the number of roots produced per cutting. From each replicate treatment combination, five rooted cuttings were randomly selected from which total and mean root length and root and shoot dry mass were measured. In replicate treatment combinations that did not yield five rooted cuttings, cuttings that did root were preferentially selected along with randomly selected unrooted cuttings until five samples were obtained. To ensure accurate estimates of adventitious root quality, unrooted cuttings used for data collection were not included in mean estimations of root quality parameters (root number per cutting, root dry mass, or total and average root length). As a result of low rooting levels in hardwood cuttings, the cuttings that were not selected for destructive measurements were returned to the mist bed for an additional 4 weeks to determine whether adventitious rooting would increase with time. Possible interactions among the clone propagated, K-IBA concentration tested, and stage of cutting maturation were analyzed using the General Linear Models Procedures in SAS in a stepwise fashion beginning with the highest order interactions and progressing to the main effects if an effect was not significant in a higher order interaction. Means were compared using least squared means procedures (SAS 9.1 for Windows; SAS Institute, Cary, NC).
Results and Discussion
Environmental conditions in the mist bench varied somewhat on a seasonal basis. Photosynthetically active radiation measurements at the canopy level were 403.1 mmolÁm for the softwood, semihardwood, and hardwood treatments, respectively. Mean temperatures in the rooting substrates were 29.5, 27.0, and 20.6°C for the softwood, semihardwood, and hardwood treatments, respectively.
Significant two-way interactions (Table 2 ) were present for rooting percentage and callus percentage (P # 0.0001 and P # 0.05, respectively), whereas significant (P # 0.01) three-way interactions were shown for all root quality measurements (root number, root length, and root dry mass). All parameters measured, except mean root length, were significantly affected by the main effects of K-IBA concentration, stage of cutting development, and clone propagated (Table 2 ).
An analysis of variance of mean rooting and callus percentages indicated significant interactions between the stage of development and clone propagated (P # 0.0001 and P # 0.0001 for root percentage and callus percentage, respectively) and between the stage of development and K-IBA concentration (P # 0.0001 and P # 0.05, respectively) ( Table 2 ). For most clones (15 of 24 tested), the softwood stage of development produced a greater percentage of rooted cuttings (Fig.  1A-D) . Cuttings tested in the semihardwood stage rooted at the same or lower percentages than those in the softwood stage with the exception of clone EP5IC13 (Fig. 1A) . This clone was a selection of T. distichum var. imbricarium (Table 1) , which rooted at 60% in the semihardwood stage and 36.6% in the softwood stage. Callus percentages, however, displayed no significant difference between softwood and semihardwood in 20 of the 24 clones ( Fig. 2A-D) . No clone had rooting percentages above 2% in the hardwood stage when averaged across K-IBA concentrations after 8 weeks in the mist bench. Callus percentages in the hardwood stage (Fig. 2) , although significantly lower than the softwood and semihardwood stages, were generally much greater than the hardwood rooting percentages realized in the current research. The greater number of callused cuttings than rooted cuttings observed suggests a potential for improvement in rooting percentages of hardwood cuttings, because adventitious baldcypress roots emanate from cutting callus tissue (Jackson, 1986) . Hardwood cuttings returned to the mist bench for an additional 4 weeks, however, did not root in increased numbers to any substantial extent (data not shown). The interaction in rooting and callus percentages between stage of development and K-IBA concentration (Figs. 3A and 4A) appears to be an artifact resulting from the severe lack of adventitious rooting and decreased incidence of callus tissue formed in the hardwood stage of development. A supplemental analysis of rooting and callus percentage data omitting the hardwood stage showed no significant (P > 0.05) interaction among stage of development and K-IBA concentration. The main effect of K-IBA concentration on rooting and callus percentage indicated no significant difference (P > 0.05) between the 7,500 and 15,000 mgÁL -1 concentrations. The 0 mgÁL -1 control treatment produced significantly fewer callused (Fig. 4B ) or rooted cuttings (Fig. 3B ) than those treated with K-IBA. These results agree with those of St. Hilaire (2003) and Zhou (2005) . Many cuttings treated with the 15,000 mgÁL -1 concentration exhibited tissue toxicity in basal portions, which in most cases did not prevent the cutting from rooting above the affected tissue. Typically the toxicity was manifested on the basal 5 cm of cuttings (portion dipped into K-IBA solution), which became necrotic followed by root formation at the lower-most portion of the remaining live tissue (Fig. 5) .
Significant three-way interactions (P # 0.01) were found among stage of development, K-IBA concentration, and the clone propagated for all root quality measurements and shoot dry mass ( Table 2 ). The three-way interaction for number of roots per rooted cutting was highly significant (P # 0.0001). Mean root number per cutting has been shown to be positively correlated with subsequent growth measurements in western hemlock [Tsuga heterophylla (Raf.) Sarg.] and eastern white pine (Pinus strobes L.) (Foster et al., 1985; Struve et al., 1984) . In the current research of Taxodium, the greatest mean number of roots per rooted cutting was generally found on softwood cuttings from the south Texas and Mexico region when treated with either 7,500 or 15,000 mgÁL -1 K-IBA. Mean root number per cutting response was highly variable for cuttings from central Texas provenances (Fig.  6J-L) . Cuttings from the clone TX3DC10 produced 0.8 roots per rooted cutting, whereas cuttings of TX8DC38 produced 3.5 roots per rooted cutting on average. An increase in root number in response to basally applied K-IBA is consistent with St. Hilaire's (2003) results but contradicts results found in Pezeshki and DeLaune (1994) . Pezeshki and DeLaune (1994) found that root number per cutting was not significantly (P > 0.05) affected by treatment with IBA. The root density ranking (RDR) discussed in Zhou (2005) included a qualitative measurement of root number per cutting; however, no direct quantitative measurements were given. Zhou's RDR followed the results found in the current research in that significantly greater root quality measurements were found on cuttings treated with higher concentrations of growth regulator (10,000 mgÁL -1 K-IBA) than were exhibited in the control (0 mgÁL -1 K-IBA). Very few roots per cutting were found in hardwood cuttings across all families and K-IBA concentrations (Fig.  6A-X) . Cuttings from the softwood and semihardwood stages when treated with 0 mgÁL -1 K-IBA generally grew fewer roots per cutting than did the two greater concentrations across most families (Fig. 6) . The exception was several eastern U.S. clones (Fig. 6A-F) and one central Texas clone, TX3DC10 (Fig. 6J) , in which responses to K-IBA had a negligible effect. A geographic breakdown of the 24 families tested shows three relatively distinct groups (Fig. 6) . The majority of clones from south Texas and Mexico (clonal designations beginning with MX) were in the group that yielded the greatest number of roots per rooted cutting, whereas the bulk of the clones from eastern U.S. provenances (clonal designations beginning with EP) were found in the group that performed most poorly.
An intermediate group contained two south Texas/Mexico clones as well as a clone from the eastern provenances. Clones from central Texas provenances (clonal designations beginning with TX) were found in both the greatest and least roots per cutting groups. This distribution by provenance generally conforms to results found by Denny (2007) for regional variation in several stress tolerances associated with Taxodium. This regional association indicates that baldcypress cuttings taken from trees with more southerly and westerly provenances show more vigor in propagation than those taken from more eastern and northern provenances.
Total and mean root length were also significantly affected (P # 0.01) by three-way interactions among stage of development, K-IBA concentration, and the clone propagated (Table 2 ). For both root length parameters measured, responses followed geographical gradient groupings reported by Denny (2007) for drought, soil alkalinity, and foliar salinity exposure responses. Cuttings from eastern provenances ( Fig. 7A-I ) had smaller total root lengths than most south Texas/Mexican provenances ( Fig. 7M-X) and one of the central Texas selections, TX8DC38 (Fig. 7L) . Statistically significant increases in total root length among K-IBA treatments within a clone from eastern U.S. provenances (Fig. 7A-I) were infrequent across stages of development. Central Texas propagules tended to follow the same trend as the eastern provenances, with the exception of TX8DC38, which had the greatest total root length among all clones tested (Fig. 7L) . Total root length was generally greater in the south Texas and Mexican provenances, particularly in the softwood stage of development when treated with either 7,500 or 15,000 mgÁL -1 K-IBA (Figs. 7M-Q, 7S, 7T, and 7V). A few clones (Figs. 7R, 7U , 7W, and 7X) from the south Texas and Mexican provenances, however, had no greater total root length than the eastern U.S. provenances. Mean root length followed similar trends as those observed in total root length with minor variations (data not presented).
Significant three-way interactions (P # 0.01) among stage of development, K-IBA concentration, and clone propagated were also observed for root and shoot dry mass (Table  2) . Both dry mass parameters also displayed the aforementioned geographical gradient responses described in Denny (2007) . Overall, the root dry mass parameter also trended in a similar fashion to total and mean root length where root dry mass was greater in the south Texas and Mexican provenances than in the eastern provenances (data not shown). Similar to the root length parameters, TX8DC38 was the clone from central Texas that had greater dry mass. Shoot dry mass however exhibited little consistent variability aside from the consistently less shoot mass found with hardwood cuttings in comparison with softwood or semihardwood cuttings (Fig. 8) . This was likely because all hardwood cuttings were devoid of foliage. Consistent responses of shoot dry mass to K-IBA concentrations and softwood or semihardwood stages of development appeared to be lacking (Fig. 8) and not related to adventitious root regeneration responses (Figs. 6 and 7) . Taxodium cuttings in this study generally rooted at a greater percentage and were higher in quality when collected as softwood cuttings from provenances in south Texas and Mexico and treated with either 7,500 or 15,000 mgÁL -1 K-IBA. Rooting quantity and quality from semihardwood cuttings were generally found to be great enough to warrant potential commercial propagation. Cuttings from the hardwood stage in this study rooted so poorly that without modification, the practice of taking hardwood cuttings of baldcypress is inadvisable at this time. Future work should focus on the improvement of hardwood cutting propagation. Bottom heating and photoperiod interruption are two treatments that should be taken into consideration. Techniques for prolonging the high rooting potential of desirable clones as ortets age are also needed. Although the clones from south Texas and Mexican provenances rooted at greater quantities and quality on the whole, the clone that performed best overall was TX8DC38, a central Texas clone.
